A supersymmetric standard model with two Higgs doublets and two Higgs singlets is investigated at the tree level if it can accomodate the possibility of spontaneous CP violation. The presence of interaction terms between the two Higgs singlets is found to be essential for spontaneous CP violation, since they can provide the mixings between scalar and pseudoscalar Higgs fields. Supersymmetric standard models with one Higgs singlet or none thus cannot violate CP symmetry spontaneously at the tree level. Our model is numerically analyzed if it is phenomenologically acceptable. The mass of the lightest neutral Higgs boson at the tree level with spontaneous CP violation is evaluated to be as large as about 130 GeV for a wide range of the parameter space, whereas the charged Higgs boson has 160 GeV as the phenomenological lower bound on its mass. The neutral Higgs boson might have escaped from detection at LEP 2, since there is a pretty wide parameter region where its production cross section is below the discovery limit of LEP 2.
Introduction
The CP violation is explained in the standard model [1] in terms of a complex phase in the Cabibbo-Kobayashi-Maskawa (CKM) matrix [2] for the mixing of the quark weak eigenstates. Theories that embrace the supersymmetry may as well explain the CP violation in terms of complex phases in them. In the minimal supersymmetric extension of the standard model (MSSM) [3] , which has just two Higgs doublets, neither explicit nor spontaneous CP violation is found to be possible at the tree level.
On the other hand, at the 1-loop level, explicit CP violation may occur from the complexity of the soft supersymmetry-breaking terms of the MSSM. The CP symmetry also can be spontaneously broken in the framework of the radiatively corrected Higgs sector of the MSSM. However, the spontaneous CP violation is disfavored because it leads to a very light neutral Higgs boson, which has already been ruled out by the Higgs search at the LEP 2 [4] .
The explicit CP violation in the MSSM can be bred in its neutral Higgs sector at the 1-loop level, which may lead to significant consequences on both the tree-level Higgs boson masses and the mixings among them, as the radiative corrections due to the third generation quark and scalar quark loops become important [5] . In the literature, detailed studies of the MSSM at the 1-loop level with explicit CP violation can be found, which include even the radiative corrections from the loops of W boson, charged Higgs boson, and charginos [6] . The radiative corrections from those loops have been estimated to be significant to the mixing among the neutral Higgs bosons would be significant, especially if the ratio of the vacuum expectation values between two Higgs doublets is large [6] .
A number of researches have extended the Higgs sector of the MSSM to examine the possibility of spontaneous CP violation, since in order to realize spontaneous CP violation in the Higgs sector, one has to do with at least one neutral Higgs singlet [7] . The simplest model examined has an extra Higgs singlet, and thus is next to the MSSM (NMSSM). It might as well be called the (M+1)SSM [7] . However, it is discovered that the spontaneous CP violation cannot be invoked at the tree level in the (M+1)SSM, if the stability of the vacuum of the (M+1)SSM should be ensured [8] . This situation does not improve by including radiative corrections arising from the degenerate scalar top quark masses [9] . That is, at the 1-loop level, the (M+1)SSM may violate the CP symmetry spontaneously only if the masses of the scalar top quarks are not degenerate [10] . In the (M+1)SSM Higgs sector, spontaneous CP violation may be realized by virtue of radiative corrections when the mass splitting effects between the scalar top quarks are taken into account [10] .
For the explicit CP violation, it has been found that, unlike the MSSM, the (M+1)SSM may at the tree level violate the CP symmetry explicitly. By assuming the degeneracy of the scalar top quark masses in the Higgs sector of the (M+1)SSM, it is found that large explicit CP violation may be realized as the vacuum expectation value of the neutral Higgs singlet approaches to the electroweak scale [11] .
At 1-loop level, in the (M+1)SSM, the effects of explicit CP violation to the neutral and charged Higgs Higgs boson masses are investigated by taking radiative corrections due to the quarks and scalar quarks of the third generation into account [12] . We have elsewhere extended by including the contributions of the loops of W boson, charged Higgs boson, and charginos to the neutral Higgs boson masses as well as mixing among them, where the production cross sections for the neutral Higgs bosons are calculated via the Higgs-strahlung process in the e + e − collisions when the lightest neutral Higgs boson is dominantly composed of the singlet [13] .
So far, it has been discovered that spontaneous CP violation is not allowed at the tree level for either MSSM or (M+1)SSM. Quite naturally, we would like to extend the models further to see if the CP symmetry might be violated spontaneously at the tree level. Hence we add one more Higgs singlet to the (M+1)SSM, to build a model of two doublets and two singlets. It may be called (M+2)SSM. In this paper, we investigate whether CP symmetry can be spontaneous broken in the tree-level Higgs potential of the (M+2)SSM. We would not consider the explicit CP violation scenario in the Higgs potential of the (M+2)SSM. Thus, we assume that all the relevant parameters in its tree-level Higgs potential are real. On the other hand, in order to realize spontaneous CP violation in the Higgs potential, the vacuum expectation values of the two neutral Higgs doublets as well as of the two Higgs singlets are assumed to be complex. We describe the tree-level Higgs potential of the (M+2)SSM in the spontaneous CP violation scenario, and calculate the neutral Higgs boson masses as well as mixing among them by using it, the tree level Higgs potential in the context of the (M+2)SSM. We find that the spontaneous CP violation is possible for the wide parameter space of the tree-level Higgs potential of the (M+2)SSM without contradicting the phenomenological constraints set by the experimental data of LEP2.
The tree-level (M+2)SSM Higgs potential
In this section, we present the tree-level Higgs sector of the (M+2)SSM. We have two Higgs doublets and two Higgs singlets in this model. Let us introduce them:
2 ) are the Higgs doublets, and N 1 and N 2 are two Higgs singlets. They will yield seven neutral Higgs bosons. The most general form of the Higgs superpotential of the (M+2)SSM, containing only terms with dimensionless couplings, is given by
where ǫ is the usual antisymmetric 2 × 2 matrix with ǫ 12 = −ǫ 21 = 1, and λ i and k ij (i, j = 1, 2) are dimensionless coupling constants. Note that in the above superpotential the Higgs superfields contain the Higgs multiplets as scalar components, and all quark and lepton Yukawa couplings are omitted. The presence of the cubic terms of the Higgs singlets in the above superpotential breaks a global U(1) Peccei-Quinn symmetry which leads to a Pseudo-Goldstone boson at the tree level [15] . From the superpotential, the relevant tree-level Higgs potential in the (M+2)SSM is obtained as
where D terms, F terms, and soft terms are given as follows:
where g 1 and g 2 are the U(1) and SU(2) gauge coupling costants, respectively,σ = (σ 1 , σ 2 , σ 3 ) are the Pauli matrices, m 2 , 2) in the soft terms are the soft SUSY breaking masses, and A λ i and A k ij (i, j = 1, 2) are the trilinear soft SUSY breaking parameters with mass dimension.
In this model, the charged Higgs sector automatically conserves CP. Under reasonable assumptions, either explicit CP violation or spontaneous one can occur in the neutral Higgs sector through the mixing of the scalar and pseudoscalar Higgs bosons. We prohibit the possibility of explicit CP violation in the above tree level Higgs sector. Thus all the dimensionless coupling constants and the trilinear soft SUSY breaking parameters in the Higgs potential are assumed to be real. For simplicity, we assume here that some of the parameters satisfy the following relations:
Let us first consider the case of CP conservation. In this case, the Higgs potential should be such that the vacuum expectation values of the four neutral Higgs fields is real:
, and 0|N 2 |0 = x 2 , after the electroweak symmetry breaking. As is well known, the charged Higgs fields do not develop the vacuum expectation values because the U(1) gauge symmetry has to be guaranteed in the vacuum. We can also distinguish four neutral scalar Higgs bosons from the three neutral pseudoscalar Higgs bosons, as there is no mixing between them. Among the four neutral scalar Higgs bosons, the one that has the smallest mass is referred to as the lightest scalar Higgs boson. The upper bound on its mass is expressed as, at the tree level,
where the neutral gauge boson mass is defined as m 2
GeV. The ratio of the vacuum expectation values of the two Higgs doublets is given by tan β. Note that the above expression does not depend on the vacuum expectation values of the neutral Higgs singlets. If the CP symmetry is conserved in the Higgs sector, the tree-level upper bound on the lightest Higgs boson mass depends critically on the sizes of λ i (i = 1, 2). Notice that the above expression is essentially equal to the upper bound on the lightest neutral Higgs boson mass of the (M+1)SSM. Thus, even though an additional Higgs singlet is present in the (M+2)SSM Higgs sector, the upper bound on the lightest neutral Higgs boson mass is essentially the same as the one in the (M+1)SSM. Now, consider the case of spontaneous CP violation in the (M+2)SSM at the tree level. In order to accommodate spontaneous CP violation in the Higgs sector, we have to allow complex vacuum expectation values for the four neutral Higgs fields as
where we take v i and x i (i = 1, 2) to be real and positive. The conditions that the Higgs potential becomes minimum at v 1 , v 2 , x 1 , and x 2 yield four constraints, which can eliminate the soft SUSY breaking masses m H 1 , m H 2 , m N 1 and m N 2 from the potential V . By redefining the overall phase of the Higgs potential, a combination of the four complex phases can be absorbed away, leaving three independent combinations of the phases. They may be chosen to be
As the Higgs potential at the tree level evokes the spontaneous CP violation, the vacuum of the model has to be defined as a stationary point with respect to the three physical CP violating phases, φ, φ 1 , and φ 2 . The minimum condition for vacuum with respect to φ yields
while the remaining two minimum conditions for vacuum with respect to φ 1 and φ 2 may be arranged to yield expressions for A k 11 and A k 12 as
and
where
In other words, the three minimum equations with respect to φ, φ 1 , and φ 2 make k 11 , A k 12 and A k 11 not independent parameters but dependent on others as given in the above expressions. determined by the solutions of the above three minimum equations. Consequently, the Higgs sector of the (M+2)SSM has as free parameters φ, φ 1 , φ 2 , tan β, x 1 , x 2 , A λ 1 , λ 1 , and k 12 .
The tree-level (M+2)SSM Higgs masses
In order to calculate the Higgs boson masses, let us redefine the Higgs fields of the (M+2)SSM in unitary gauge as
,
where C + is the charged Higgs field, and in the absence of spontaneous CP violation, S i , and X i (i = 1, 2) are the neutral scalar fields and A and Y i (i = 1, 2) are the neutral pseudoscalar fields. The masses of the neutral Higgs bosons are obtained as the eigenvalues of the 7 × 7 mass matrix in the basis of (
, whereas the mass of the charged Higgs boson is rather straightforwardly obtained by differentiating twice the Higgs potential with respect to the charged Higgs field. Since the Higgs sector of the (M+2)SSM is larger than that of the (M+1)SSM by a neutral Higgs singlet, the number of charged Higgs bosons in the (M+2)SSM is equal to that of the (M+1)SSM. The mass of the charged Higgs boson is thus obtained as
where the charged gauge boson mass is defined as m 2 W = g 2 2 v 2 /2. Note that complex phases enter into the charged Higgs boson mass. This is remarkable because the spontaneous CP violation does not occur in the charged Higgs sector but in the neutral Higgs sector. As mentioned before, the charged Higgs has an intact CP symmetry since the pair of the charged Higgs bosons are CP-even. Hence, we might say that the effect of the spontaneous CP violation in the neutral Higgs sector is transferred or shifted to the charged Higgs sector. The shift effect on the mass of the charged Higgs boson vanish when CP symmetry is conserved in the neutral Higgs sector, i.e., when φ = φ 1 = φ 2 = 0. Then we have
which may further be reduced to the tree-level mass of the charged Higgs boson in the (M+1)SSM with CP conservation, if the relevant parameters are set as λ = λ 1 , A λ = A λ 1 , k = k 11 = k 12 , and x/2 = x 1 = x 2 . Now, let us derive expressions for the 7 × 7 symmetric neutral Higgs mass matrix in the (S 1 , S 2 , A, X 1 , X 2 , Y 1 , Y 2 )-basis, It is calculated by differentiating twice the Higgs potential with respect to the seven neutral Higgs fields. The elements of the mass matrix are expressed as follows:
In the CP conserving limit, when φ = φ 1 = φ 2 = 0, the mass matrix is blockwise diagonalized, since M ij (i = 1, 2, 4, 5, and j = 3, 6, 7) are zero. Then, M ij (i, j = 1, 2, 4, 5) become the elements of the neutral scalar Higgs boson mass matrix while M ij (i, j = 3, 6, 7) become those of the neutral pseudoscalar Higgs boson one. In general, because the complex phases are generally nonzero in the spontaneous CP violation scenario, M ij (i = 1, 2, 4, 5, and j = 3, 6, 7) are nonvanishing.
Consider for example, M 13 and M 23 . M 13 describes the mixing between the scalar field and the pseudoscalar field of the Higgs doublets H 1 , i.e., S 1 and A. Similarly, M 23 does the same job for H 2 . We can reexpress M 13 by substituing the minimum condition for k 11 into them as
and similarly for M 23 by exchanging cos β ↔ sin β. One can easily notice that the souirce of nonzero
. terms in V F of the tree-level Higgs potential. Therefore, the situation is different from the (M+1)SSM, where the scalar-pseudoscalar mixings do not occur in any of the two Higgs doublets at the tree-level (M+1)SSM. We would like to emphasize that in the (M+2)SSM there exists scalar-pseudoscalar mixings even at the tree level by the minimum conditions. In other words, if the Higgs potential of the (M+2)SSM at the tree level is such that the vacuum expectation values of four neutral Higgs fields are complex, the mixings between scalar and pseudoscalar Higgs fields take place generally, which implies the occurrence of the spontaneous CP violation.
Numerical analysis
Now, we have to check if our model is phenomenologically acceptable. That is, according to whether or not the model possess a significantly large region in its parameter space that is consistent with the present phenomenology, the model becomes physical or merely mathematical. For this purpose, we would like to examine if the model predicts a reasonable mass for the lightest neutral Higgs boson, and if the model passes the experimental criterion set by LEP 2 data. These jobs are performed numerically by using Monte Carlo method.
The free parameters we have in the tree-level Higgs sector of the (M+2)SSM with spontaneous CP violation are φ, φ 1 , φ 2 , tan β, x 1 , x 2 , A λ 1 , λ 1 , and k 12 . For our numerical analysis, the ranges for the parameters are set as follows: 0 < φ, φ 1 , φ 2 ≤ π, 2 ≤ tan β ≤ 40, 0 < x 1 , x 2 , A λ 1 ≤ 1000 GeV, 0 < λ 1 ≤ 0.87, and k 12 < 0.63. These ranges define the extent of the parameter space we will explore.
Let us first estimate the neutral Higgs boson masses by diagonalizing the 7 × 7 symmetric mass matrix for the neutral Higgs bosons. The seven eigenvalues are sorted such that m h i ≤ m h j for i < j. We scan 10 4 points in the relevant paramter space and numerically evaluate m h i (i =1 to 7). For each point, we also evaluate the mass of charged Higgs boson. We find that the masses of neutral Higgs bosons as well as the charged Higgs boson mass are positive for the most part of the parameter space of the (M+2)SSM that we consider. Consequently, we note that no serious reduction in the considered parameter space is established by either the spontaneous electroweak symmetry breaking or the minimum conditions for the vacuum.
Next, we consider the production of a neutral Higgs boson in e + e − collisions. For the center of mass energy of LEP2, the neutral Higgs bosons are dominantly produced through the Higgs-strahlung process e + e − → Z * → Zh i (i = 1 to 7) and the Higgs-pair production process e + e − → Z * → h i h j (i, j = 1 to 7, where i = j). The relevant couplings for the these processes are
where θ W is the Weinberg mixing angle, and O ij is the elements of the orthogonal transformation matrix that diagonalizes the mass matrix of the neutral Higgs bosons. Note that the expression for the coupling in the Higgs pair production is different from that of the MSSM. The production cross sections of the Higgs bosons receive the effects of spontaneous CP violation through the above couplings via O ij . Although candidates of detecting a Higgs boson has been suggested by LEP 2 [15] , no concrete evidence is available yet; thus, the parameter space of the (M+2)SSM may be constrained experimentally if we assume the discovery limit of 0.1 pb at LEP 2 with √ s = 200 GeV.
Let us denote σ t the total cross section for the neutral Higgs productions via the above two processes. The total cross section is evidently dependent on the neutral Higgs boson masses. For a given set of parameter values, we evaluate m h i numerically in order to insert into the formula of σ t . Then we evaluate σ t numerically. We carry out the analysis for the whole parameter space we have defined, by choosing randomly a total of 10 4 points in the space. Finally, we select those points which yield σ t < 0.1 pb. They are consistent with experimental constraints and thus establish a subset of parameter space that are phenomenologically acceptable.
We find that there is a indirect lower limit of 160 GeV for the mass of charged Higgs boson by considering the neutral Higgs boson production at LEP 2 with √ s = 200 GeV. This might be considered as its phenenomelogical lower bound in our model. Since the two neutral Higgs singlets in our model distinguish it most distinctively from (M+1)SSM, it is worthwhile to study the behaviors of their vacuum expectation values. In Fig. 1 , we show the points that are accepted by the above procedure in (x 1 , x 2 ) plane. It is interesting to notice in Fig. 1 that both x 1 and x 2 cannot simultaneously be large or small: Roughly, they cannot simultaneously be smaller than ∼ 30 GeV and larger than ∼ 400 GeV.
In Fig. 2 , we plot h h 1 as a function of λ 1 , where the points are the accepted ones as before. Notice in the figure that λ 1 is bounded between ∼ 0.43 and 0.87. The upper bound of 0.87 is defined previously by us, but the lower bound of ∼ 0.43 is set by the experimental constraints, i.e., by a discovery limit of 0.1 pb at LEP 2 with √ s = 200 GeV. One can see that as λ 1 increases the upper bound on m h 1 also increases. The largest value of m h 1 that are obtained by our method is about 135 GeV. This result is quite similar to the case of the (M+1)SSM.
In Fig. 3 , we plot m h 1 as a function of tan β, another important parameter of our model. Although we allow tan β to vary as large as 40, it is found that the experimental constraints set an upper bound of about 13 on it. Note that the upper bound on m h 1 decreases as tan β increases in our model. This behavior is shared by the (M+1)SSM, whereas the MSSM does not show such behavior. It is important to notice that the existence of a massless h 1 is not excluded by our analysis. There are paremeter regions where the experimental constraints are consistent with m h 1 = 0.
Conclusions
It is known that in supersymmetric models with at least two Higgs doublets the CP symmetry may be violated in the Higgs sector. However, the minimal version of the supersymmetric standard models, the MSSM, and the next-minimal version, the (M+1)SSM, have been revealed that neither of them can accommodate the spontaneous CP violation at the tree-level. For the tree level Higgs potential of the (M+1)SSM, the spontaneous CP violation cannot occur in its neutral Higgs sector since the CP violating vacuum is not stable and thus the mass of the lightest neutral Higgs boson is negative for a reasonable part of the parameter space [12] .
We have investigated whether or not at the tree level the above situation might be effectively improved by considering the (M+2)SSM, which has two Higgs doublets and two Higgs singlets. The most general form of the tree-level Higgs potential is constructed, where the interaction terms between the two Higgs singlet fields are included. The Higgs potential is supposed to develop complex vacuum expectation values for the four neutral components of the Higgs multiplets, in order to accommodate the spontaneous CP violation at the tree level. From the complex vacuum expectation values, three complex phases appear as independent free parameters of the model. With respect to these complex phases, three minimum conditions for the Higgs potential are calculated to reduce the number of free parameters by three.
Then, the mass matrix for the seven neutral Higgs bosons are investigated. Among the elements of the mass matrix are the off-diagonal ones that are responsible for the mixings between the scalar and the pseudoscalar fields of the Higgs doublets. They would cause the desired CP violation. The matrix elements responsible for the mixings would vanish if there is no interaction terms between the two Higgs singlets, and consequently there would be no CP violation. Therefore, the presence of the interaction terms between the two Higgs singlets is found to be essential for spontaneous CP violation.
By assuming the discovery limit of 0.1 pb at LEP2 with √ s = 200 GeV, we explore the parameter space of the tree-level Higgs sector of the (M+2)SSM, if the lightest neutral Higgs boson might have escaped from detection at LEP 2. Our model is numerically analyzed if it is phenomenologically acceptable. The mass of the lightest neutral Higgs boson at the tree level with spontaneous CP violation is evaluated to be as large as about 130 GeV for a wide range of the parameter space, but a massless neutral Higgs boson is also possible in our model. The upper bound on the lightest neutral Higgs boson mass of the (M+2)SSM is essentially equal to those of the (M+1)SSM. The charged Higgs boson has 160 GeV as the phenomenological lower bound on its mass in our model. We also have found that for a pretty wide parameter region the production cross section for the neutral Higgs boson is below the discovery limit of LEP 2. Meanwhile, we get a lower bound of about 0.4 for λ 1 , as no set of parameters of our model satisfy the phenomenological constraints of the nonobservation of the Higgs search at LEP2. Similarly, we obtain the phenomenological upper bound of tan β ≤ 14.
Concludingly, we have found that the spontaneous CP violation can be accommodated for a relatively wide parameter space in the (M+2)SSM at the tree level. The points in (x 1 , x 2 )-plane that satisfy σ t < 0.1 pb are plotted for 0 < x 1 , x 2 ≤ 1000 GeV by random number generation method. The ranges of other parameters are: 0 < φ, φ 1 , φ 2 ≤ π, 2 ≤ tan β ≤ 40, 0 < A λ 1 ≤ 1000 GeV, 0 < λ 1 ≤ 0.87, and k 12 < 0.63. Fig. 2 : m h 1 is plotted against λ 1 by random number generation method. The plotted points satisfy σ t < 0.1 pb. There are no points for λ 1 < 0.4 that satisfy the constraint. The ranges of other parameters as the same as Fig. 1 . 
